a r t i c l e s RNA viruses use varied mechanisms to manipulate the host-cell translational machinery and to efficiently produce viral proteins for replication. One such mechanism uses IRESs in the untranslated regions of transcripts to subvert ribosomes from canonical eukaryotic cap-dependent translation 1 . In fact, many RNA viruses rely on IRESdependent translation as the sole mechanism for protein synthesis, thereby allowing for protein production even when host translation is downregulated. Increasing evidence suggests that cellular mRNAs may also capitalize on this alternate translation mechanism; some estimates have suggested that up to 10% of cellular mRNAs may use IRESs to regulate processes such as development and responses to cellular stress 2-4 .
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In general, IRESs are configured either to interact directly with the 40S ribosomal subunit [5] [6] [7] or to first engage initiation factors and begin assembly of the ribosomal initiation complex. The IRESs of EMCV and foot-and-mouth disease virus (FMDV) in the Picornaviridae family are prototypes for understanding the latter mechanism because these IRESs are highly efficient, and are thus widely used in biotechnological applications 8 , and because the protein factors that they use are similar to those used by cellular IRESs 9, 10 . Moreover, FMDV is responsible for major economic losses in the livestock industry 11 . IRESs are also attractive targets for chemotherapeutic inhibition 12 , and the detailed characterization of conserved functional elements in these picornavirus IRESs would facilitate the development of such inhibitors.
As a first step toward assembling ribosomes, the EMCV IRES element is designed to directly interact with HEAT-1, the first of the three HEAT domains of eIF4G 13, 14 . This interaction is enhanced by the presence of eIF4A, which directly interacts with eIF4G HEAT-1 (ref. 15 ). The J-K region of the EMCV IRES (G680-C787)-which is composed of two stem-loops (J and K domains) bifurcating from a base stem (St domain), and a highly conserved six-adenosine linker (A-rich region) between the K and St domains 16 -is responsible for specifically mediating the interaction with the HEAT-1 domain of eIF4G 17 (Fig. 1a,b) . The A-rich region and internal loops in the J, K, and St domains are conserved features in both EMCV and FMDV, although they belong to different genera in the Picornaviridae family 18 . Mutations in these regions have been shown to be highly detrimental to translational efficiency [19] [20] [21] [22] [23] , thus demonstrating a critical role of this region in recruiting ribosomes. However, very little structural and mechanistic information exists regarding how the J-K region engages the HEAT-1 domain of eIF4G. Here, we set out to solve the solution structure of the J-K region and to characterize its interaction with the HEAT-1 domain, by using solution NMR, small-angle X-ray scattering (SAXS), and biochemical studies, to understand how IRESs are configured to capture host initiation factors.
RESULTS

Concerted J-K-domain action is necessary to capture HEAT-1
As a first step toward identifying the atomic determinants of the eIF4G recognition by the J-K region of EMCV IRES, we prepared a series of truncated constructs corresponding to the three stems of the J-K region (SL-J, SL-K, and SL-St) and the A-rich region (∆J∆K) (Fig. 1b  and Supplementary Figs. 1a, 2a, 3a and 4a) , to be used for solutionstate biophysical studies. NMR assignments showed that all of the constructs correctly reflected the structures present in the full-length J-K region (Supplementary Figs. 1-4 and Supplementary Note). However, none of these isolated fragments measurably interacted with
Structural features of the A SL domain
The configuration of the pentaloop in the A SL domain is partly similar to that of a previously reported GAAA tetraloop structure 24 (a GNRA type tetraloop, reviewed in ref. 25) , with an important exception in that the G is replaced by an A-A dinucleotide stack. Correspondingly, in the pentaloop, the chain turns between residues A771 and A772, and the two base stacks, A770-A771 and A772-A774, adopt opposing orientations within the loop, with the former facing the minor groove of the J domain and the later facing the minor groove of the K domain (Fig. 4b,c) . The observed NOE signals between the H2 protons of A774, A773, and A772, and the H1′ protons of G731, C732, and C733, respectively, place the A772-A774 stack in the same register as the first three base pairs of the K domain ( Fig. 4a and Supplementary Fig. 4g ). Similarly, long-range NOE signals placed the A770-A771 stack, along with the closing U769-A775 base pair, in register with the first three base pairs of the J domain ( Supplementary Fig. 4h-j) . Most importantly, we observed evidence for 'loop-receptor'-like interactions 25 : namely, NOE signals between the H2 protons of A770, A771, and A773, and imino protons G729, G728, and G767 indicated formation of A770•C695-G729, A771•C696-G728, and A773•C732-G767 base triplexes between A SL and the J and K domains, respectively (Fig. 4d-f and Supplementary Fig. 4j ).
This 'dual-sided' loop-receptor interaction leads to the tight wedging of the A SL domain deep between the minor grooves of the J and K domains, which requires a 90° turn in the backbone chain between U769 of the A SL domain and U768 of the K domain. To allow for this structure, a number of accommodations are made: residue U769 adopts an intermediate syn conformation, and the base of the K 
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domain is widened by the presence of a highly conserved terminal G-U base pair. This base pair is an especially intriguing feature: in a canonical GAAA-receptor interaction, a C-G base pair would be required at the terminal position in the K domain to allow for triplex base formation with the last adenosine 25 . Thus, whereas triplex formation with the penultimate adenosine takes place, the interaction with the last adenosine is forgone in the A SL -K domain interaction to accommodate the tight turn, and the required hydrogen-bonding contributions are probably compensated for by triplex base interactions with the J domain.
Interaction of the J-K region with the HEAT-1 domain
To understand how this unique structure engages the HEAT-1 domain of eIF4G, we first performed SAXS studies of the J-K region in the absence or presence of the HEAT-1 domain 26, 27 . Interestingly, the reconstructed ab initio SAXS envelope demonstrated no major structural rearrangements in the overall architecture of this region of the IRES after protein binding, and we observed extra density corresponding to the molecular size of the HEAT-1 domain only between the K and St domains, thus indicating that binding occurs in a cleft between these domains ( Fig. 5a and Supplementary Fig. 6a ). Because isolated K and St domains cannot engage the protein (Fig. 1c) , this result suggests that the capture of the HEAT-1 domain occurs through the concerted docking of these motifs onto the HEAT-1 domain. Previous biochemical analyses have indeed implicated the bulge regions of the K and St domains in protein binding; however, the dominant interaction has been believed to occur via the A SL domain 13, [21] [22] [23] 28 . Surprisingly, the SAXS density assigned to the A SL domain remained unperturbed, thus suggesting that it is not directly involved in protein contacts. To confirm our findings, we performed NMR titration of substoichiometric amounts of the HEAT-1 domain into an A-protonated J-K-region sample because the A SL loop and the J-, K-, and St-domain bulges are all adenosine rich (Fig. 1b) . Although we observed substantial intensity reductions of specific adenosine residues in the bulges of the K and the St domains, the intensities of the adenosine residues in the J and A SL domains remained unaffected, thus confirming the interaction surfaces indicated by SAXS (Fig. 5b,c and Supplementary Fig. 6b ).
Orientations of the domains and relation to function
Next, we sought to test the roles of the A SL and J domains, which do not appear to contact the HEAT-1 domain. Data at a minimally elevated temperature (45 °C), which maintains secondary structure but causes partial loss of long-range tertiary interactions 29 , showed the presence of multiple conformations for residues at the junction (for example, U768 and U769) (Supplementary Fig. 6c ), despite the involvement of these residues in canonical base-pairing interactions. This result suggests that the role of the A SL motif is to restrain the inherent conformational heterogeneity at the junction of the J-K region. To investigate this hypothesis, we mutated the A-rich loop to a U-rich loop. NMR and SAXS analyses of this construct indicated that the structures of the individual J, K, and St domains remained unaffected, but the overall topology of the molecule was slightly perturbed by the U-rich-loop linker ( Fig. 6a and Supplementary Fig. 6d) . Briefly, whereas the coaxial stacking of the J domain over the St domain was preserved, the orientation of the K-domain bulge changed with respect to the St-domain bulge. This subtle reorientation, however, completely abrogated HEAT-1-domain binding, thus demonstrating the critical role of the A SL -K interdomain interaction in the accurate placement of the binding pocket in the K domain relative to that in the St domain (Fig. 6b) . This structural role played by the A SL domain explains the results from all of the previous analyses and shows that there is a limited degree of plasticity present in the relative organization of the protein-recognition interface in the J-K region. Because the J domain also does not contact the HEAT-1 domain directly, we next sought to test the functional importance of this domain. We constructed both an A771U mutant and a corresponding C696A G729U mutant, which were designed to abrogate the A771•C696-G728 base-triplex formation between the A SL and the J domain (Fig. 4e) . Intriguingly, both of these constructs also lost the ability to engage the HEAT-1 domain ( Supplementary  Fig. 6e ). NMR analyses of the C696A G729U mutant showed that the A SL domain interacts with the K domain but loses its ability to engage the J domain in this mutant (Supplementary Fig. 6f ). These studies indicate that the A SL domain acts as an 'adjuster module' and uses I is scattering intensity, and q is proportional to the scattering angle (q = 4sinθ/λ, where 2θ is the angle between the incident X-ray beam and the detector, and λ is X-ray wavelength in angstroms). 
Identifying interaction surfaces on the HEAT-1 domain
Finally, we set out to understand why the EMCV IRES requires multiple domains that are appropriately positioned for capturing a single molecule of the HEAT-1 domain. Both the K-and St-domain bulges contain adenosine residues poised to interact with the HEAT-1-domain residues (Fig. 2c,d) . In general, exposed adenosine residues interact with aromatic residues in proteins, and, in fact, statistical studies have shown that such stacking interactions contribute to more than 90% of the surface contacts in protein-RNA interactions 30 . However, although the importance of basic residues of the HEAT-1 domain has been previously demonstrated 31 , the contributions of the few aromatic residues (F777, F812, F949, and F978), which are potentially available for interaction, have not yet been tested ( Supplementary  Fig. 7a ). Thus, we prepared four mutants of the HEAT-1 domain, F777A, F812A, F949A, and F978A, and investigated their ability to interact with the J-K region by using ITC (Supplementary Fig. 7b ). Whereas F777A and F949A did not affect the RNA binding, F812A Fig. 7c ), thus illustrating that the distally orientated bulges in the J-K stem contact limited and scattered aromatic residues in the HEAT-1 domain. The loss of specificity by the mutations at F812 and F978, as measured by ITC, provided strong evidence for the location of the binding interface between the HEAT-1 domain and the J-K region, results consistent with the SAXS data. In vivo, however, the interaction with initiation factor eIF4A is known to enhance binding of eIF4G to the EMCV IRES, probably by adding additional contacts to the IRES and/ or by modulating the J-K-HEAT-1 complex 15 . We therefore evaluated the importance of the J-K-HEAT-1 interface in a functional context by using toeprinting assays to reveal the enhancement of the affinity for eIF4A. Here we used eIF4G1(736-1115), which contains HEAT-1 and a section of the linker between the first two HEAT domains, and eIF4G1(653-1599), which contains all three HEAT domains through the C terminus, and we investigated how their complex formation is affected by the F812A, F978A, and F812A F978A mutations ( Supplementary Fig. 7d-f) . Although we observed no noticeable differences between the wild type and the mutants when only the eIF4G variants were added to the EMCV IRES in the toeprinting assays, differences were apparent when eIF4A was added with eIF4G. The enhancement of the affinity by eIF4A, evidenced by the decrease in the toeprint for the full-length cDNA for the wild type, was weakened by the two mutants, and their effects were additive ( Supplementary  Fig. 7d,e) . We also observed this pattern of altered activity in the 48S formation assay on the EMCV IRES, in which both eIF4G binding to the J-K region and 48S formation were decreased by the mutations, thus suggesting the synergy of eIF4G and eIF4A in IRES binding and the importance of the two phenylalanine residues in the functional contexts (Supplementary Fig. 7f ).
DISCUSSION
Overall, our study highlights how viruses adapt RNA structures to facilitate the capture of host proteins-even those that are not conventional RNA binders (Fig. 7) . In general, the formation of biomolecular complexes occurs through adaptive recognition of the binding partners 33, 34 . Although there is an energetic cost associated with losing conformational entropy after complex formation, conformational variations in molecules nevertheless exist and provide opportunities for optimizing intermolecular interactions. Our study shows that, in stark contrast with this phenomenon, loss of tertiary structure in the J-K region, which increases the degree of conformational freedom, prohibits HEAT-1-domain recognition, despite all of the binding interfaces still being intact. Moreover, the HEAT-1-domain interaction with the J-K region is predominantly enthalpically driven (∆H = -15.6 kcal/mol, and ∆S = -25.4 cal/mol/K). The inability of the A771U and C696A G729U mutant IRESs to overcome the entropic barrier is probably a result of the limited number of intermolecular contacts possible with the HEAT-1 domain. Indeed, the HEAT-1 domain of eIF4G, which canonically interacts with other protein initiation factors, has very few exposed aromatic residues available for interaction (Supplementary Fig. 7a) . The viral IRES is elegantly designed to overcome this limitation: first, it contains interacting bulges in distal domains for capturing remote binding surfaces, and second, these domains are preorganized in a fixed configuration by the adjuster module, thereby allowing for precise docking onto the sparsely distributed binding patches without a loss of entropy.
Furthermore, our initial studies establishing the interaction sites on the HEAT-1 domain have identified two aromatic residues (F812 and F978) that may play a role in interacting with the distal bulges on the K and St domains, respectively. Whereas F812 is available for the IRES interaction after eIF4A interaction, the importance of F978 is intriguing because this site is also known to interact with the N-terminal domain of eIF4A. However, our previous study has shown that it is the C-terminal domain of eIF4A that predominantly interacts with the HEAT-1 domain, whereas the N-terminal domain has a minor contribution to the HEAT-1 binding 35 . In fact, the crystal structure of the yeast eIF4A in complex with the middle domain of eIF4G (homologous to the HEAT-1 domain in human eIF4G) shows a very small buried surface area at the N-terminal-domain interaction site and is consistent with the minor importance of this interaction 36 . Thus our current study suggests a potential change in the interaction between eIF4A and eIF4G, in which the N-terminal domain interaction may be forgone after the J-K region is encountered. 
